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NEW MATERIALS FOR AIRCRAFT TURBOMACHINERY

Maurice E1 Gammal¥

1.  Introduction

The rapid development of aircraft turbines, which has trans-
formed aviation during the last three decades, has resulted in part
from improved materials performance.

In the very keen competition among engine manufacturers, future
advances in materials performance and endurance — key components of
overall profitabllity — will play determining roles.

Innovation in this materials area must be looked at from two
points of view: the new materials beilng developed glve hope of sub-
stantial improvements in which one cannot be disinterested, but at
the séme time, the expense and time required for engine testing are
such that even very large companies cannot allow themselves £0 accu-
mulate failures. Research on new materials, deeper understanding of
actual operational conditions, critical evaluation of possible appli-
cations by means of appropriate ftesting, development of effective
inspection méthods, and, of course, develépment of thé mést_économq

ical | fabrication methods possible, are thus equally necessary activd]
ities, | and are inseparable.

#*
Sclentific Director for Materials, ONERA.
%

Numbers in the margin indicate pagination in the original foreign
text.
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Atrpfesent, the materials used for turbine construction dre
mainly titanium alloys, classic alloy steels, high-temperature stain-

less steels, and nickel-base or cobalt-base heat-resistant alloys.

While the classic alloy steels are used mainly in mechanical
components — shafts, gearle— the compressors are fabricated, for
the most part, from elther martensitic stalnless steels or from
titanium alloys. Although ftheir cost is relatively high, the latter
are tending to replace the steels, whose mechanlcal properties are
st1ll satisfactory — this reflects the lmportance placed on reducing
the weight of alrcraft engines. The hottest compressor stages now
require use of nickel-base alloys, until only recently reserved for
the turbine stages. These stages are now fabricated from very highly
developed nickel-base alloys, or from cobalt-base alloys 1n the case i
of certain stator blades. The combustion chambers and the after-
burner nozzles use sheet alloys which range from simple austenitic
stainless steels to nickel- or cobalt-base heat-resistant alloys.
Aluminum alloys, formerly used 1n compressors, are tending fo dis-
appear because they cannot wilthstand the violent impacts which arilse
for example, when the engine ingests birds.

2. Development of Standard Alloys .

Studies in this area are directed toward improving low-cycle /06
fatigue 1ife, 1i.e., fatigue related to cyclic loading during takeoff, o
flight, and engine shutoff, which determine mainly compressor 1life,
and toward development of alloys usable at the highest possible tem-
peratures, in order to limit use of nickel-base alloys (which have
twice the density) in the high-pressure compressor stages. Among
‘the most-used alloys at present, in addition toc the well kﬁown T—EE%
there are T-A8DV and T-A6ZrD (IMI685) which contain 8% aluminum, 1%
molybdenum and 1% vanadium and, on the other hand, 6% aluminum, 5%
zirconium, 0.5% molybdenum and 0.2% silicon. TMCA [Titanium Metals
Corporation of America] has recently announced a new alloy containing

6% Al, 2% Sn, 1.5% Mo, 0.3% Bi, and 0.1% Si, with higher creep-resistance
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than previous alloys, and which can be used to 550 or 600° C. The.
chief concern of engine manufacturers seems to be better mastery of
the fabrication of present alloys, however, in order to improcve
reliability.

Cast alloys have slowly replaced wrought alloys for turbine
blades. In this way a considerable improvement has been obtained in
creep resistance, together with an appreciable reduction in blade
cost. Directional sclidification, developed a few years ago in the
United States by Pratt & Whitney, allows one to obtain grain bound-
aries parallel to the centrifugal force, and thus 1liltfle affected by
it (Figure 1). Creep resistance

is thus improved and there 1s a R S e

o

large increase in ductility,
leading to better resistance to

thermal fatigue. It is possible %ii ‘

sl s e

to go even further by making
blades with no graln bcundaries
— they are called single-crystal
although 1t would be more exact

to call them single-grain —

L T S e T R

which improves the creep resist- ?;: ;}'-;f331 };?ﬁ3 -
ance a 1little more, and should ;;  o “”:ﬁf“iﬁ,ka,;. R
allow design of special-purpose : | - v S I
alloys which would not require .
the addition of the alloying ele- 18
ments which strengthen the grain ffa
boundaries of alloys with normal |

structures. Application of

directional-solidification tech- § R ;;fﬁ*,;_-}u ,1L;P,;*3

niques 1s slowed by the high cost;

Fipgure.l. Rough casting of

‘nickel-alloy .turbine blade

‘obtained by directional
solidification

nevertheless, directional-grain.



blades have already been used

in some engines.

Turbine-disc alloys must
resist creep, and especially
low-cyele fatigue. Powder
metallurgy has made lmportant
progress in this area: by dis-
rupting liquid metal by an
argon Jjet, one obtains spher-
ules a few tenths of a milli-
meter 1in diameter; these can be
compacted by extrusion or by

hot isostatlc pressing, then

forged or rolled. From alloys

which are commonly used in the '+w}?a;*@‘¢_‘4

Nmadfor ST
) - : ;:ﬁf:{:\(}ﬁq;‘\f\’-‘i
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cast condition, such as IN 100 ek TNy F e Q\tﬂikwf%%lfﬁﬁf &-‘
3 ﬁzﬁmq%wimi~mﬁyufﬁfu{ il

one can thus obtaln very-fine

grained alloys (Figure 2). - Flgure 2. IN-100 nickel alloy
obtalned by powder metallurgy.
Metallographlc attack reveals the
of a large number of grains, contours of the former spherules
deformed during compaction, to-
gether with the much smaller
coarsen much. These alleoys do grains X 1000

Each of the spherules consists
which conseguently do not

not have segregation, and pos-

sess very different mechanical properties from the same alloy in the
cast condition: the high-temperature tensile strength 1is low because
of the small grain size. Thils makes forging relatively easy, but
prevents use of the material for rotor blades in the high-pressure
turbine stages. On the other hand, these alloys have excevticnally
high elastic 1limits and low-cycle fatigue strengths at the tempera-
tures at which turbine disks operate, generally below 750° C.

Another point of interest is that powder metallurgy is a method
for producing allioys with dispersed second phases; the most common
example is TD-nickel or TD-nickel chrome thoria dispersed in nickel

or in nickel-chromium alloy. The creep resistance of these alloys
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"is not high enough for their use in rotor blades, but there is still
an appreciable strength above 1200° C. In additicn, the melting
peint and thermal conductivity of such alloys are higher than those
of other nickel-base heat-resistant alloys: they could find applica-
tion in combustlon chambers of future engines if the operating tem-
peratures will have teo be much higher than those of present chambers.
However, sufficiently economical fabrication methods and, at least
for some of the dispersed-phase alloys, effective corrosion protec-
tion will also have to be developed. The "mechanical alloying" pro-
cess discovered at the International Nickel Liboratories can lead to
interesting results in these two respects.

With all creep-resistant alloys, research for improved tech-
niques of protection from hot corrosion remains an important activity,
since turbine life and operating temperature must be increased simul-
taneously. Research on alloys with very high creep resistance has
led €o the sacrifice of some of their intrinsic corrosion resistance,
however. New physical processes for forming protective layers have
appeared, and have allowed Pratt & Whitney, for example, to produce
a very effective cobalt-chromium—a1uminﬁm-yttrium coating alloy.
However, thermochemlecal technliques such as those developed at ONERA
can still be perfected: they have the advantage of providing good
protection in cooling channels. Tor example, Figures 2 and 3 show
cross sections of two proftective coatings after identical long-term
oxidation tests. The former was obtained by the chromaluminization
process which has been used industrially for several years: the
latter 4—-by an improved process (ycralization) with a small addition
of yttrium. The effect of this elemeht, present in only a small
amount, on the cxidation resistance of aluminide prqteétive coatings
is still not perfectly understood, but it is found to be very favor-
abhle (Figure 4),

2.3._ Niobium (Columbium) Alloys
These alloys have high-femperature mechanical properties which
are very superior to those of the nickel-base alloys, so that the

operating temperatures cf turbines can be increased by 100 or 200° C.



Figure 3. Section through Figure 4. Secticn through

chromaluminizaticn coating yeralization coating after cyclic
after cyclic cxidation at 1100° oxidation at 1100° C for 500 hr,
C for 500 hr.X 500 X 500

Unfortunately, despite very many investigations, there is no known
corrosion protection sufficiently effective and reliable for this
type of application. It may, however, be possible in a few years to

use niobium alloys in non-essential, easily-replaced compcnents.

3. Composite Materials

Compesite materials allow one to take advantage of the very
high tensile strengths of fibers obtained from substances too brittle

to be used in a more massive state.

The best known example 18 provided by glass-reinforced resins,

which have long been used in the fabricaticon of secondary aircraft /28



Structures or of solid-fuel rocket casings. The glass fibers have
very high tensile strength, while their small diameters give them
high flexibility. The organic reéin holds them together, supports
compressive loads, and distributes the load near a break in a filber

50 that catastrophic failure 1s prevented.

Fibers with high elastic modulus — carbon fibers obtalned by
pyrolysis of artificial or synthetic polymers, fibers of boron vapor-
deposited on a tungsten filament, organic fibers (PRD-43) produced
under conditions which assure thelir nearly-perfect crystalline
structure — have the advantage over glass that their elastic moduli
are much higher (see Table below).

Tensile Elggtic - . Approximate

Fibers Density strength modulus 1373 price
(hb) (hb) (F/kg)
E glassg 2.5 350 7,300 5
S glass 2.5 Y] 8.700 10
Carbon L 1.9 210 4,000 1,000
Carbon II 1.8 280 28,000 1,000
Boron 2.7 380 38,000 2,000
PRD-49-ITT 1.4 250 13,000 Yoo

In general, sulitably-made unidirectional composltes obey the
law of mixtures quite well: the rupture strength and elastle modulus
are close to the mean of the properties of each constituent, weighted
by its volume fraction. The contributiocon from organic matrices is
negligible, and the transverse mechanical properties are very poor.
The volume fraction of fibers generally lies between 50 and T70%.

For applications which do not involve a high operating tempera-

ture, organic matrices are generally preferred to other types, which



are denser and much more difficult to employ. Epoxy reslins can be
used up to about 150° C, whnile thermostable resins — the polyamides|
are presently the most highly developed — ought to be usable for
long times at temperatures of at least 250° C. Even when the tem-
peraturse is expected fto be low, thermostable resins may be preferable

for safety: their flammability i1s much less in case of fire.

Use of light materials is particularly desirable in the case of
rotor blades in COmpressors and fans. The shapes of these pleces are
defined chiefly by the aerodynamic conditions. Their mass is thus
proportional to the density of the material.  In addition, llighter
blades allow an important decrease in the weight of the disob. The
density and rupture strength of organic-matrix composites are very
favorable, and their fatigue resistance is excellent. Thelr corro-
sion resistance is very good for boron or carbon fibers, less good
for glass fibers which have a rather hygroscople Interface with the
resins. The very high specific rigidity obtained with carbon or
boron fibers allows blades to be desligned with resonant vibrational

of bracing (fins) which is expensive to fabricate and which is harm-

ful to performance. However, it has not been possible up to now to

obtaln composite blades with sufficient impact strength.

The impact strength, measured in the usual ways on smocth speci-

mens, is of the order of 20 to 30 joules/cm2 for glass or PRD-4Q

composites, even less than that of aluminum alloys, while carbon and

boron fibers give impact strengths of 5 to 10 joules/cmz. These
values can be increased slightly by speclal arrangement of the fibers
{hybrid composites), but do not attain those of aluminum alloys.

Although these results give little encouragement already, they
still do not sufficiently polint up the inferiority of composites
reinforced by fibers which do not pessess plastlc elongation. With
a metal, impact strength reflects the energy absorbed by the plastic
deformation of a certain volume of material (although this is the

practice, it is fundamentally inadeguate to express it in joules/cmg).



After plastic deformation, stopped before rupture, the ultimate
strength of the damaged specimen retains a large proportion of its
initial wvalue. In the case of a composite with brittle fibers, oen
the contrary, the impact strength results, on the one hand, from

elastic energy absorbed by [deformation of the fibers before thelr

rupture — again a case of volume energy; then, on the other hand,
from the rubbing of the fibers, which tears up the matrix (Figure 5).
The energy abscrbed by deforma-

tion of the matrix is nearly o
hegligible. i“ww““”i ‘M TL “‘ ' -

Cnly the contribution to
the impact strength provided
by the elastic deformation of
the fibers needg be taken into
consideration in estimating
an upper limit t¢o the impact
strength of a rotor blade,
no matter what techniques are

developed to improve the over-

all strength, since 1t is
gquite obvious that a blade
with broken fibers can no
longer sustain the centri-
fugal forces. On the other

hand, delamination will limit
the rigidity of a blade which Figure 5. Carbon/resin composite
has been damaged even super- broken in flgpure by impact
fiecially. Now, the elagstic

deformation energy at .the rupture of carbon, bocron, or PRD-4G fibers
is less than the plastic deformation energy of aluminum alloys, and
the more so with respect to titanium alliocys and steels. It can thus
be expected, and it does indeed seem to be observed, that the results
of impact tests on rotor blades will.be even poorer than one would

predict from the low overall impact strength of the material.



The pessimism which I have Just expressed does not, however,
imply that use of composites should be'judged impossible, or without
advantage in turbojets. For components not exposed to impact —
such as internal housings — or even for components which may be ex-
posed only to impacts at relative velocities less than those of the
rotor blades — alr intakes, intake stator blades — composites with
organic matrices can, 1t may be hoped, lead to very considerable
weight reductions — 20 to 50% — over identical metallic components,

even takling into conslderation the reinforcements requlired by con-
rnections.

In addition, composites can be used for the circumferential re-

inforcement of compressor discls, and allow iightening by about 20%.

The relative positions of boron fibers, carbon fibers, and or-
ganic fibers of the PRD-49 type will depend to a large extent on
thelr respective prilces: produced in large guantities, the latter two
seem to be clearly less expensive.' At the moment, PRD-49 composites
have mediocre compression strehgth; which can prevent certaln appli-

cations.

3.2._ Composites with Metallic Matrix

Boron fibers retaln high mechanical strength up to 1000° C; at
very much higher temperatures the strength of carbon fibers should
remain practically the same a3 at room temperature.' People have
tried to use them to reinforce metallic alloys. Aluminum-alloy conm-
posites reinforced by boron fibers are obtalined by diffusion-bonding
of clad fibers in a plasma torch, or of fibers simply interposed
between metal foils.

Use of boron fibers pre-clad with a diffusion barrier, for
example, 51llicon carbide (Borsic, by Pratt & Whitney), provides good
chemical-compatibility. At room temperature, these composites have
mechanlical properties similar to those of boren-resin composites,

but thelr density is higher -—— about 2.7. They can be used up to
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500° C,-at which peint their tensile strength is still about half
that at 25° C. However, the shear strength of the matrix is very
low at this temperature.

Investigation of other metallic composites is less advanced.
Carbon aluminum composites, for which ONERA has developed a simple
method of fabricatién by liquid-metal impregnation, have room-tem-—
perature mechanicali properties similar to those of the boron-aluminum
composites: their ultimate strength, of the order of 100 hb for a
unidirectional composite, is constant up to at least 350° C. The
carbon-aluminum composites must be prepared in such a way that the
carbon fibers do not appear at the surface of the material; if they

do, the corrosion reslstance is very poor.

In an entirely different area, one can point out the nickel al-
loys reinforced by tungsten fibers which have been studied extensively
by NASA. They have a very high creep resistance out toward 1100 or
1200° C. They have good -high temperature Impact strengths because
the tungsten fibers. are ductile. Unfortunately, they seem very sensi-
tive to thermal cycling, which cracks the matrix, probably because of
the large difference between the coefficienﬁ of expansion of the
fibers and that of the matrix.

4, Directionally-~Sclidified Eutectics

These materials, to which ONERA has devoted large efforts in the
Research and Test Methods Directorate, are not all eutectics in the
strict sense. They are also called "in situ composites" or "natural
composites”, in contrast to the artificial composites which have just
been discussed. They have a microscopic two-phase structure, fibrous
or lamellar, which they acquire spontaneously during unidirectional
golidification.

It has been known. for a very long time that many alloys of two
metals are entirely miscible in the 1liquid, yet for a certain com-
position called the eutectie composition, have the following pecu-
liarities:

11



— like pure metals, but unlike most alloys, these eutectic
alloys have a single solidificatlion temperature, which 1s

less than that for alloys with nearby compositions;

— once they have solidified, they are constituted of two phases
which are sclid soclutions, rich in the respective component.
In general, these phases are finely divided and can be dis-
tinguished only by use of a microscope; they are single-
crystailine, and often possess the very high mechanical
properties of whiskers.

There are also eutectics between different compounds of two
elements, as well as eutectlies between a greater number of simple or
compound components.

There 1is thus available an elegant method for preparing very
diverse composites which can posséss valuable physical or mechanical
properties., Many investigators have attempted to produce high-tem-
perature creep-resistant materials by this means; it does seem reason-
able to hope that composites containing whiskers in a matrix with
which they are chemiecally compatible could possess very hlgh mechani-
cal properties.

Since the eutectics solidify at a single temperature under near-
egullibrium conditions produced in the directiohal—solidification
apparatus, the solidification front 1s an l1sothermal surface, in
general, the fibers or lamellae grow perpendicular to the solidifi-
cation front. Thus, a planar isothermal surface is desired, which
should be advanced parallel to itself through the material.

It 15 also necessary that the ratic of the thermal gradient in
the liguid to the solidification rate be greater than a certain
critical value which 15 a function of the alley composition. This

value is usually between 10 and 100° C - hr/cmz.

12
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The diameter of the fibers or the thickness of the lamellae

formed during solidification of a given alloy are apvroximately in-

versely proportional to the square root of the solidification rate.

To obtain a regular structure thus requlres a constant solidiflica-

tion rate.

Fabrication

Most devices used for directional solidification of eutectilc

alloys can be represented schematically by Figure 6: a moving crucible

with 1ts axis vertical moves
downward at constant velccity
between a fixed heater and a
cooler which may be either
fixed cor attached to the

crucible.

The heater can be a resist-
ance furnace or a hlgh-frequency
induction heater with a sus-
ceptor. In these two cases,
the heat reaches the allcy by
radiation from the heating ele-
ment to the c¢rucible, Then by
conduection through the crucilble.
Direct inducticn heating of the
alloy can also be used: the
heat is then supplied directly

to the surface of the alloy.

The cooler 1s either a
bath of liquid malntained at
constant fTemperature,
water or Jets of gas.
is fixed.
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y

or a device which cools by means of streams of
The distance between the cooler and the heater
if the heater power 1is suitably regulated, the solidiflca-

tion rate is constant and equal fo the crucible displacement rate,
and the thermal gradient remains constant.
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The heating and cooling must be carefully controlled and the
crucible motion must have no irregularities. A progressive variation
in the sclidification rate results in a modification of the trans-
verse dimensions of the lamellae or fibers, which must thus divide
or converge, Or at least some of them may appear or disappear. In
any case, the mechanical properties of the composite will be degraded.
An abrupt variation of the solidification rate forms a band where the
eutectic, having completely lost its filbrous or lamellar structure,
possesses only the properties of a non-oriented eutectic; this is
generally valueless.

The microstructures of two-phase eutectlic alloys belong, 1in
general, to two main types:

— lamellar microstructure, where each phase appears as alter-
nating parallel lamellse or ribbons inside a single grain.
The lamellae canjbe continuous in the solidification direction,
but fthere are many irregularities 1n the perpendicular direc-
tions. This fact, together with the fre@uent presence of
several grainsg in the same section which have only one c¢rys-
tallographic direction in common, parallel to the growth
direction, requires that these materials be considered
unidirectional composilites;

—- fibrous microstructure: depending on the alloy, the fiber
cross sectlon 1s polygonal (Figure 7} or curvilinear (Figure
8). This microstructure occurs in eutectics where one of
the phases occupies less than 30% of the total volume. The

shape of the fiber cross section often depends on the growth

~
o

rate. 1t can be modified by slight wvariations in chemical
composition. Certain alloys, lamellar when they are solidi-
Tied slowly, take on a fibrous sfructure at a higher sclidi-
fication rate.

14



Figure 7. Ni-Cr/TaC alloy. Figure 8. Co-Cr-Ni/TaC alloy.
HFibe

must

rs in reiief from chemical Fibers in relief from chemical
attack on the matrix attack on the matrix

Alloys which could be sultable for fabrication of turbine blades
possess the following:

— melting temperatures well above 1200° (:

>

— densities less than or only a lilttle greater than that of

present superalloys, and in any case less than 10;

— acceptable resistance to accidental impacts;

— good intrinsic coxidation and hot corrosion resistance; a pro-
tective coating will probably be necessary, but the base
alloy must not undergo catastrophic corrosion if the coating

is damaged;

— higher creep strengths than present superalleoys under loads
of 10 to 30 hectobars;

— reslistance to mechanical and thermal fatigue at least equal
to that of present alloys.

15



On the basis of present knowledge, it appears that only iron-,

nickel-, or cobalt-base allcys with a rather high chromium or alumi-

num content can be sufficiently corrosion resistant.

Among the alloys with eutectic structures which have been studied

so far, three groups seem to satlisfy the above conditions in whole

or in large part:

16

— those discovered at ONERA, derived from pseudo-binary eutec-
tics of cobalt, nickel, or iron, and high-melting monocarbides.
The cobalt/tantalum carbide eutectic shows gocd creep resist-
ance and satisfactory ductility, but it is very oxidizable.
With this as a starting place, it has been possible to obtaln
eutectic materials reinforced by carbldes of tantalum, nio-
bium, or c¢ther metals, in which the matrix is a cobalt or
nickel allcy containing allarge amount of chromium. The mate-
rial as a whole thus possesses oxidation and hoft-corrcszicn
resistance. comparable to that of present superalloys. In
addition, it has been possible to obtain a very large family
of fibrous composites In which the matrix is a face-centered-
cublec alloy of 1iron, nickel, cobalt, and ché&mium, and the
fibers are simple or mixed monocarbides such as TiC, HfC,

NBEC, TaC. Aluminum 1s also included in the matrix of these
alloys to improve hot-corrosion resistance; so 1s titanium,
so that in nickel-rich matrixes there 1is hardening by preci-

pitation of Nig(Ti, Al). Matrix hardening by incorporation

of molybdenum, tﬁbgsten, or an excess of the metal forming

fthe monocarblde is also possible;

— the pseudo-binary eutectic (Co, Cr)/{(Cr, CO)T 03, discovered

by United Aircraft, with a structure containing irregulariy-
shaped carbide fibers. It can be mecdified by addition of
aluminum. The great ease with which this alloy can be
directionally solidifled allows use of very high solidifica-
tion rates; this technigue improves the creep resistance of
the alloy, which is poorer than that of monocarbide eutectics.



.— the pseudo-binary lamellar eutectic Nigﬁl/ﬁi Nb, also dis-

3

covered at United Alrcraft. IT contains two intermetallic
phases, the first of which is ductile. It is relatively easy
to dlrectionally solldify, and its creep resistance 1s ex-
ceptionally high. The overall ductlility is low at rcom tem-
perature, but becomes rather high at high temperatures. Its
intrinsic oxidation resistanpe is poor. The composition of
this type of allcy can be modified, but seemingly less than
that of the ailoys containing.monocarbides. A ternary

Ni/Ni

tles are gquite similar to those of the pseudo-binary eutectilc.

3A1/N13Nb alloy has been cbtalned recently. Its proper-

The wide range of test methods makes 1t hard to compare the im-
pact strengths of the different sorté}ﬁgalloys.' In 211 cases, there
is a large effect of . the anisotropy of these directiocnally-solidified
materials: the strength is greatest when the specimen length 1s
pafallel to the solldification divection, least when the test condi-

tions are such that the crack propagates 1n that direction.

The Co-Cr-Ni/Tal alloys have high strength when the fibers are
parallel to the specimen axis. Cylindrilical smooth Charpy specimens
will bend through 60° at room temperature. without fracturing, and
through more than 100° at 1000° C, although the elongation at rupture

measured in tensile tests at this temperature is rather low (Figure 9}.
The energy absorkbed is more than 210 joules/cmz. This behavior re-
sults from the high ductility of the matrix and the low volume frac-
tion of fibers (10%). Even when the fibers are fractured, the alloy
retalns appreciable strength.

Published results for Co-Cr/(Cr, Co)7 03 eutectics and Ni_ Al/

3

Ni.Nb seem to show much moré brittle behavior.

3
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The oxidation resistance of certain alloys in the family Fe-Co-
Ni-Cr-Al/monocarbide, which is of particular interest because of_the
large number of chemical compositions available, 1s greater than that
of classic superalloys. All the menocarbides are very oxidizable 1n
the massive state, but since the fiber dilameter, of the order of a
micron, is much less than the thickness of the oxide layer which forms
on the alloy after a few hours at high temperaﬁure, these matefials /32
behave as if they were homogeneous from the standpoint of high-tem-
perature oxidation. The oxidation curve of chromium-rich alloys is
para?blic, and those reinforced by tantalum carbide are less rapidly
oxidized than those containing niobium carbide. The oxide formed on
these alloys does not scale on coollng, and the weight.gain recorded
during a test consisting of several 5-hour heating cycles is 1little
differeht from that produced by continuous heating. Application of
chromaluminization by the ONERA process has produced results as satls-
factory as those observed on classic superalloys during cyclic cor-
resion tests with combustion

gases.

Figure 10 compares the

V3

of eutectics to that of 20°C 4 700°C 1000°C N

HEL

creep resistance of two types ﬂiﬁyf
classic alloys: Nimonic 8§04,

used for rotor blades in tur-

bojets built around 19503

cast In-100, used in the Con-

corde engines, and whlch seems Figure 9. COTAC-3 solidifica-
tion composite bent by impact

g 1 2 3cem
NP S -

to have about the highest per-
formance to be expected from
classic nickel alloys; directionally-solidified DS 200 nickel; and
TD-N1, thoria-dispersed nickel.- The two dashed curves show the tem-
peratures and representative specific constraints for two current
types of rotor blades. The value of the directionally solidified
eutectics appears clearly. In addition, their fatigue resistance is
higher than that of the usual alloys.
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The principal of esutectic
solidification, taking place

T Co-Cr-N1/Tac]
under conditions very near &:ww -
local thermodynamic equili- o N

. . ‘Low-pressurag\
brium, implies that the solid ——}otoﬁﬁpiédgﬁ
—— T R TR 3
phases present are stable in | with heel

compositicn and proportion

guite near the melting point.

Composites obtained by solid-

L BT o DN

pressure rotorb

ification thus do not display iblade, Withggtkhiﬁy
_ _ iy
at high temperature those | N e

phenomena of chemical incom- Figure 104
patibility encountered in com- i

poslites with metallic matrixes

produced by other techniques. However, nothing says a priori that
the microstructure of a directficnally solidified eutectic is stable;
in some cases, long-time aging leads to disappearance of some fibers
and coarsening of othérs, or to disruption of the fibers into spher-
oidal sections. In other cases, particularly when the Interfaces
are well-defined crystallographlc planes, the microstructures are

remarkably stable. This 1s thefoase for (Co-Cp-NI)/faGland Ni Al/Ni 0.

3

- Large internal stresses appear within® the alloys when their con-
stituents have widely different thermal expansion coefficients.
These 1nternal stresses, which vary cyclically in jet englne blades,
must be taken into consideration in predicﬁing blade 1life.

While the simplest properties of the eutectic alloys are start-
ing to be understocd, the study of the thermal stability will be
playing a more important role in the characterization of allioys

which are already known, and in research for Iimproved alloys.

It 18 particularly on the results of these studles and also, of

course, on the development of reaschably economical methods of

19



fabrication that the futhire use of directionally-solidified eutectics

in jet engines will depend. At the present time,'togeﬁhéfmﬁith the

development of cooling techniques, they appear to offer the best

chance of increasing the gas temperature at the turbine 1ntake.

Transiated for National Aeronautics and Space Administration under
contract No. NASw/ 2483, by SCITRAN, P. 0. Box 5456, Santa Barbara,
California, 93108
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